The ratio of divalent to monovalent ion concentration necessary to displace the surface-active protein, albumin, by lung surfactant monolayers and multilayers at an air-water interface scales as 2 -6 , the same concentration dependence as the critical flocculation concentration (CFC) for colloids with a high surface potential. Confirming this analogy between competitive adsorption and colloid stability, polymer-induced depletion attraction and electrostatic potentials are additive in their effects; the range of the depletion attraction, twice the polymer radius of gyration, must be greater than the Debye length to have an effect on adsorption.
Introduction
Monolayer films of lung surfactant (LS) line the alveolar airwater interface and lower the interfacial tension in the lungs, thereby minimizing the work of breathing.
1,2 However, in the complex physical and chemical environment of the lung, it is inevitable that surface-active species in the alveolar fluids or deposited from air compete with LS for the interface. One critical situation in which competitive adsorption may be important is acute respiratory distress syndrome (ARDS).
3-5 The roughly 140, 000 patients in the US with ARDS have elevated levels of surface-active serum and inflammatory proteins in their bronchial fluid 4-22 that can compete with lung surfactant for the air-liquid interface of the alveolus. [22] [23] [24] [25] [26] [27] [28] [29] If the presence of the serum proteins at the interface inhibits or prevents the adsorption of LS, the surface tension control necessary for optimal respiration can be compromised, which may be partially responsible for the 40% mortality rates for ARDS.
Surface-active material adsorbs spontaneously to the airwater interface because adsorption lowers the interfacial energy. The surface tension, γ, is the derivative of the free energy, G, with respect to the interfacial area, A: γ=(∂G/∂A) n,T .
30 While adsorption of serum proteins such as albumin lowers the free energy, the lower equilibrium surface tension of LS (∼25-30 mN/m 27 ) compared to albumin (∼50-55 mN/m 31 ) suggests that, at equilibrium, LS should occupy the interface to the exclusion of albumin. However, LS adsorption, while favored energetically, does not occur for hours (if at all) when albumin or other surfaceactive serum proteins are in solution or already occupy the interface. 11, 27, 28 This suggests that the kinetics of adsorption plays an important role. The initial rates of adsorption of LS and albumin from solution are determined by the relative sizes and diffusivities of LS and serum proteins. The surface active form of LS is composed primarily of disaturated dipalmitoylphosphatidylcholine *To whom correspondence should be addressed.
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(2) Notter, R. (DPPC), with smaller fractions of unsaturated phospholipids and cholesterol, and two hydrophobic LS specific proteins, 32 all of which have essentially no molecular solubility in physiological saline. As a result, LS self-assembles into bilayers in aqueous solution; these bilayers further organize into multilamellar liposome-like aggregates 1-100 μm in diameter. 33 When the liposomes contact the air-water interface, the bilayers break down to form insoluble, Langmuir-type monolayers and multilayers (see movie in Supporting Information).
2 While the equilibrium surface pressure, Π (Π = γ w -γ ; γ w is the surface tension of a clean airwater interface, 72 mN/m at 25°C, and γ the measured surface tension), of a LS film is 40-45 mN/m, as the available interfacial area is reduced in the alveolus during exhalation or on compression of the film in a Langmuir trough, the area per molecule of LS decreases and the surface pressure increases to ∼70 mN/m before the film "collapses" [34] [35] [36] ( Figure 1a ). These high surface pressures (low surface tensions) are essential to optimal lung function.
Albumin, on the other hand, is a surface-active, but saline-soluble protein that forms a Gibbs-type monolayer with a surface pressure, Π, that is a logarithmic function of protein concentration up to a saturation concentration of ∼1 mg/mL. 31, 37 Albumin is a prolate spheroid of dimensions 4 Â 4 Â 14 nm; ellipsometry, 38 neutron reflectivity, 39 and X-ray reflectivity 40 indicate albumin forms a dense, closely packed monolayer 4-5 nm thick accompanied by a less dense second layer ∼3 nm thick, with the albumin long axis parallel to the interface. The surface pressure at the saturation concentration for albumin and many other serum proteins is ∼20 mN/m (γ ∼ 50 mN/m), 31,37 which is much lower than Π ∼ 70 (γ near zero) required for proper respiration. Compression of an albumin film does not cause a significant increase in the surface pressure ( Figure 1b) ; the soluble albumin can leave the interface as the surface area decreases, thereby keeping the interfacial density and the surface pressure relatively constant. Because of its nanometer size and subsequent faster diffusion compared to the multimicrometer bilayer liposomes of LS, albumin has significantly faster transport to (and from) the interface than the much larger LS liposomes. 41 In both the expanding alveolus in the lung and the Langmuir trough, new air-water interface is continuously being created for this competitive adsorption. In addition to competing for this new interface, LS must displace albumin from whatever part of the interface already occupied for equilibrium to occur.
Even though energetically favorable, LS adsorption effectively ceases ( Figure 1b ) when albumin is in solution or occupies the airwater interface.
11,27,28,31 Albumin (which is negatively charged at physiological pH) at the interface induces a steric and electrostatic energy barrier to diffusion of the LS liposomes (which are also net negatively charged 29, 42 ), which prevents LS from reaching the interface and converting from bilayers to a surface-active film.
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This energy barrier to LS adsorption is reminiscent of the energy barrier that stabilizes colloidal dispersions and prevents them from flocculating. 22, [25] [26] [27] [28] [29] 42, 43 Although it is well established that colloidal dispersions are only metastable, they can be prevented from flocculating (reaching equilibrium) for years if the energy barrier to aggregation is sufficiently high. 41, [44] [45] [46] Hence, it should not be surprising that the same additives used to lower the energy barrier to colloid aggregation 41,47-53 also lead to enhanced surfactant adsorption in the presence of albumin or serum proteins. The first suggestion of the analogy between colloid stability and surfactant adsorption came from observations that adding nonionic hydrophilic polymers such as poly(ethylene glycol) (PEG) and dextran [54] [55] [56] [57] [58] or anionic polymers such as hyaluronic acid 59 to clinical lung surfactants improved lung function in animals with lung injuries. This improved lung function correlated with enhanced surfactant adsorption to an albumin-covered air-water interface in vitro as well as the flocculation of the LS liposomes in suspension. [24] [25] [26] [27] [28] 40, 43, 60 Both the enhanced adsorption 61 and flocculation 62 of the surfactant resulted from the depletion attraction that entropically pushes the surfactant aggregates toward the interface 61 and toward each other, 62 thereby causing the excluded volumes of the aggregates and interface to overlap and increase the solution volume available to the polymer. This attractive interaction between interface and surfactant helps to lower the albumin-induced energy barrier.
A second method of enhancing LS adsorption, which is also commonly used in colloid flocculation, is to add the positively charged polyelectrolyte chitosan to the LS/albumin solution. 15, 22, 29, 42 In analogy to its effects on colloid stability, [48] [49] [50] [51] [52] [53] chitosan enhances the adsorption of lung surfactant in vitro 15,29 at concentrations orders of magnitude too low to exert an appreciable depletion attraction. 42 However, increasing the chitosan concentration above optimal causes surfactant adsorption to decrease. This is similar to the initial rapid increase in colloid flocculation with polyelectrolyte concentration, followed by restabilization of colloidal dispersions at higher polyelectrolyte concentrations. [48] [49] [50] [51] [52] [53] The polycation initially neutralizes the anionic surfaces, [48] [49] [50] [51] [52] [53] which causes an elimination of the double-layer repulsion, which in turn lowers the energy barrier to adsorption (or colloid aggregation). However, as is often the case for polyelectrolytes, higher polymer concentrations lead to overcompensation of the surface charge, which re-establishes the electrostatic energy barrier, [48] [49] [50] [51] [52] [53] leading to a decrease in surfactant adsorption or restabilization of the colloid dispersion. This same physical mechanism is exploited in the "alternate layer deposition" of anionic and cationic polyelectrolytes on charged colloids. 51 In this work, we complete the analogy between colloid stability and competitive adsorption to interfaces by considering the effects of electrolyte concentration on adsorption. One of the first surprising generalizations regarding colloid stability (1880-1900) was that the critical electrolyte concentration required to flocculate (CFC) a variety of positive and negative colloids decreased as z -6 (z is the valence of the ion opposite in charge to the colloid), which is known as the Schulze-Hardy rule. 41, 63, 64 Explaining this result first required the derivation by Smoluchowski (1917) of diffusion-limited aggregation, 65 66 The ratio of the diffusionlimited flux, J 0 , to the actual flux, J, is proportional to the exponential of the potential maximum, Φ max :
The ratio is known in the colloid literature as the stability ratio, W. The Derjaguin, Landau, 44 Verwey, Overbeek 45 (DLVO, 1940s) theory combined the van der Waals/London dispersion attraction 68 with double-layer electrostatic repulsion 41 to give the functional form of Φ between two spheres of radius, a, at a separation, r, surface potential, ψ s , and ion concentration, n i , via the Debye length,
A H is the Hamaker constant that determines the magnitude of the attractive dispersion forces. 68 Flocculation occurs at an ion concentration (called the critical flocculation concentration or CFC) at which Φ max = dΦ/dr = 0, which occurs when (r -2a) = κ
For ezΨ s /4k B T > 1, in the limit of large surface potentials, the CFC µ z -6
, which successfully explained the Schulze-Hardy rule, 41 validating the DLVO theory. However, the z -6 dependence is actually rather uncommon; high electrolyte concentrations often lead to counterion adsorption to the colloid or interface, partially neutralizing ψ s . For such lower surface potentials, ezΨ s /4k B T , 1, and the CFC µ Ψ s 4 z -2 . Equations 1-3 can also be used to predict the effects of electrolyte concentration and valence on the competitive adsorption of LS to the air-water interface in the presence of albumin. Increasing the electrolyte concentration increases surfactant adsorption to the air-water interface in the presence of albumin. In analogy to the CFC (eq 3), the ratio of divalent (calcium) to monovalent (sodium) ion concentration needed to induce diffusion limited surfactant adsorption is proportional to 2 -6 , which is, as far as we are aware, the first demonstration of the SchulzeHardy rule for competitive adsorption. On the other hand, lowering the electrolyte concentration sufficiently (to subphysiological levels) can increase the magnitude and range of the repulsive interaction so as to bypass the range of the depletion attraction, which is limited to twice the polymer radius of gyration, which eliminates the effects of polymers on surfactant adsorption.
Materials and Methods
The clinical replacement LS, Survanta (Abbott Laboratories, Columbus, OH), was used as a model lung surfactant in all experiments and was a generous gift of the Santa Barbara Cottage Hospital nursery. Survanta is an organic extract of minced bovine lungs that has been fortified with dipalmitoylphosphatidylcholine Article Stenger et al.
(DPPC), tripalmitin, and palmitic acid. Survanta contains 80-90 wt % phosphatidylcholine, of which ∼70 wt % is saturated DPPC and about 10 wt % palmitic acid. 32, 69 The preparation contains ∼7 wt % negatively charged phospholipids including phosphatidylglycerol and phosphatidylserine, giving the Survanta aggregates a net negative charge. 69 Survanta has minimal amounts of the LS specific amphipathic protein SP-B, 0.04-0.13 wt %, but close to native amounts , 0.9-1.65 wt %, of the hydrophobic LS protein, SP-C. 32, 33, 70 Both SP-B and SP-C are cationic, which partially compensates the negative charge on the lipids. Like other natural products, Survanta can vary somewhat from batch to batch due to variations in extraction and purification as well as variations in the source materials. Survanta and other clinical lung surfactants form multimicrometer bilayer aggregates in buffered saline solution. 33 Bovine serum albumin and 10 kDa poly(ethylene glycol) (PEG) were obtained from Sigma (St. Louis, MO) and used as received.
Isotherms were recorded at 25°C (no significant changes are seen from 23 to 37°C 71 ) using a custom stainless steel ribbon trough (Nima, Coventry, England) designed to minimize film leakage at high surface pressures (low surface tensions). Surface pressure was monitored during compression and expansion using a filter paper Wilhelmy plate. The trough had a surface area of 130 cm 2 ; a subphase volume of 150 mL and a typical compression/ expansion cycle took 8 min (∼0.42 cm 2 /s). All water used in experiments was obtained from a Millipore Gradient System (Billerica, MA) and had a resistivity of 18.2 MΩ/cm. The buffered-saline subphase contained 150 mM NaCl and 0.2 mM NaHCO 3 in addition to the stated concentrations of albumin and other electrolytes.
To initiate each experiment, a saline-buffered subphase was added to the Langmuir trough and allowed to equilibrate for 10 min. For albumin containing subphases, the surface pressure gradually increased to 15-18 mN/m, consistent with the wellestablished relation between surface activity and albumin concentration.
31,37 PEG in buffer showed no surface activity. 40 For all experiments, Survanta was diluted in a standard buffer (150 mM NaCl, 0.2 mM NaHCO 3 , pH=7.0) to a lipid concentration of 2 mg/mL and was deposited as microliter drops from a syringe by touching the drop to the air-water interface of the open trough. The drops passed through the interface into the subphase adjacent to the interface; surfactant spreading from the subphase was monitored by labeling the Survanta with 1 mol % of the fluorescent lipid Texas Red-DHPE (Invitrogen, Eugene, OR). The drops did not spread appreciably at the interface, and essentially all of the Survanta adsorbed from the subphase.
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The subphase was not stirred, and the first compression began 20 min after deposition of a fixed quantity of Survanta. The amount of Survanta chosen for the inhibition experiments, 800 μg, was such that collapse would occur at about 50% trough compression in the absence of albumin; the same amount of surfactant was used in all subsequent experiments. A Nikon Optiphot optical microscope (Nikon, Tokyo, Japan) with either a 10Â or 50Â extra long working distance objective designed for fluorescent light 72 was positioned above the trough. Full-length movies and individual frames were recorded directly to computer (Moviestar, Mountain View, CA). Contrast in the images was due to segregation of 1 mol % fluorescent lipid Texas Red-DHPE (Invitrogen, Eugene, OR) between the liquid expanded and condensed phases which causes the Survanta monolayer to have a light gray-dark gray coexistence in images. 25, 71, 73 Larger aggregates of Survanta have significantly more dye than the monolayer film and appear bright white, leading to an overall mottled texture for the surfactant film. The albumin was not labeled, does not fluoresce, and appears black in the images. Figure 1a shows typical surface pressure/area cyclic Langmuir isotherms for 800 μg of the Survanta dispersion adsorbed from a buffered subphase, (0.2 mM NaHCO 3 and pH=7) containing 150 mM NaCl and 2 mM CaCl 2 but no albumin. 71 The isotherm traces over itself on subsequent cycles and on compression (starting at ∼80% trough area) exhibits a shoulder at Π ∼ 45 mN/m. 71 On further compression to 55-60% trough area, the surface pressure rises abruptly to the collapse pressure, Π max ∼ 67 mN/m, where the film begins to form cracks and folds. 34, 36 This failure of the monolayer is what determines the minimum surface tension. On expansion of the films, the surface pressure drops rapidly; the hysteresis between compression and expansion cycles is typical of such isotherms. Grazing incidence X-ray diffraction shows that the area per molecule of Survanta is fixed for a given surface pressure and temperature, regardless of the subphase concentration. 40 Hence, the fractional compression of the trough needed to reach these characteristic features is proportional to the amount of surfactant that adsorbs to the interface.
Results and Discussion
Under otherwise identical conditions, if 2 mg/mL albumin is in the subphase (Figure 1b) , the surface pressure does not increase above ∼35 mN/m even at the smallest trough area. The characteristic shoulder and collapse plateau seen on compression in Figure 1a cannot be reached with albumin in the subphase, signifying inhibited Survanta adsorption. The isotherm is essentially that of albumin alone (red curve). 25, 26 The albumin prevents any significant amount of Survanta from adsorbing to the interface over the ∼4 h length of this experiment.
27 This is consistent with the anionic albumin creating an energy barrier to adsorption of the anionic Survanta bilayers, similar to the stabilization of a colloidal dispersion against flocculation by electrostatic repulsion. Figure 2 shows that increasing the monovalent ion concentration converts the isotherm from an albumin-like isotherm at 150 mM (physiological) and 333 mM NaCl to that of Survanta on a albumin-free interface (compare to Figure 1a ) at 1000 mM NaCl. Just as in colloid stability (see eq 2), increasing the electrolyte concentration decreases the Debye length and the range and magnitude of the electrostatic repulsion between the albumin and the surfactant. This lowers the energy barrier to surfactant adsorption; more surfactant reaches the interface to displace the albumin from the interface (see movie in Supporting Information). ) is used to compare the isotherm with a functionally equivalent amount of CaCl 2 in the subphase. To make the comparisons physiologically relevant, 150 mM NaCl was taken as a baseline electrolyte concentration (e.g., for 1000 mM total NaCl, the equivalent CaCl 2 concentration for 850 mM NaCl is 2 -6 Â 850 = 13.3 mM). The CaCl 2 concentrations relative to the NaCl concentrations (above 150 mM) to restore surfactant adsorption are in the ratio 2 -(6.4 ( 0.1)
. If the analogy between the CFC and competitive adsorption holds, other methods of changing Φ should also lead to enhanced adsorption. For example, adding 1 wt % 10 kDa PEG to a subphase containing 150 mM NaCl also restores surfactant adsorption in the presence of albumin (Figure 3) . 25, 26 This suggests that a second generic colloidal interaction, the so-called "depletion attraction", assists in enhancing surfactant adsorption, just as it promotes colloid flocculation. The depletion attraction arises in mixtures of different sizes of noninteracting "hard spheres". Here, the small spheres are the polymers with radius of gyration, R g (∼5 nm for 10 kDa PEG), and the large spheres are the surfactant aggregates of radius a (typically micrometers for Survanta, see movie in Supporting Information). As a large sphere of surfactant moves toward another large sphere of surfactant or the interface, the volume excluded from the centers of the small spheres (the PEG molecules) overlap, which causes the volume accessible to the small spheres to increase. This decreases the free energy of the mixture (or increases the entropy) by an amount proportional to the size of the excluded volume overlap region, multiplied by the osmotic pressure of the small spheres, which is proportional to the volume fraction of polymer, φ p . This acts like an attractive potential between the large sphere and the interface, known as the depletion attraction, Φ dep :
for r < 2R g and Φ dep = 0 for r > 2R g . When eq 4 is added to the DLVO potential in eq 2, the effective Φ max apparently goes to zero at 150 mM salt concentration and the surfactant adsorbs as to a clean interface (Figure 3) . From Figure 2 , without the polymer, 1000 mM salt is required to restore surfactant adsorption; hence, 1 wt % 10 kDa PEG provides as much decrease in Φ max as ∼800 mM salt.
However, for a subphase with no added salt, 1 wt % PEG did not lead to any increase in the adsorption of surfactant in the presence of albumin. This is because the maximum in the DLVO potential (eq 2) occurs when the separation between the charged surfaces (r -2a) is of order κ -1
. For the subphase with no added NaCl, the 0.2 mM NaHCO 3 buffer gives a κ -1 of 12-13 nm. The maximum range of the depletion attraction, 2R g , however, is only ∼10 nm for 10 kDa PEG. 25, 26, 28 Hence, the range of the depletion attraction is not sufficient, regardless of the polymer concentration, to affect Φ max , and PEG has no effect on adsorption (Figure 3) , as observed. For 150 mM salt,
, and the range and magnitude of the depletion attraction is sufficient to lower Φ max enough to restore diffusion-limited adsorption. 25, 26 This analogy between competitive adsorption and colloid stability has not been demonstrated quantitatively before. From Figure 2 , the Schulze-Hardy rule holds for competitive adsorption: the ratio of calcium to sodium concentration necessary to restore surfactant adsorption scales as 2 -6
. Polymer-induced depletion attraction and the double-layer electrostatic potential are additive in their effects on adsorption; however, the range of the depletion attraction, which is limited to 2R g , must be sufficient to overlap with the maximum in the electrostatic repulsion that occurs at ∼κ -1 to have an effect. These results may have important physiological consequences. In acute respiratory distress syndrome (ARDS), increased levels of serum proteins, such as albumin, in the lung due to injury or disease compete with lung surfactant for the available air-water interface.
25,27,28,31, 43 Insufficient surfactant at the interface does not allow the low surface tensions required for proper lung function to be reached during the normal cycle of breathing. Future ARDS treatment may take advantage of low concentrations of divalent or multivalent ions or hydrophilic proteins to enhance lung surfactant adsorption in the presence of serum proteins. dispersion on a buffered saline subphase (0.2 mM NaHCO 3 and pH=7) containing 2 mg/mL albumin and varying electrolyte concentrations are plotted. (0) 150 mM NaCl subphase; (O) 333 mM NaCl subphase; (4) 450 mM NaCl subphase; (3) 600 mM NaCl subphase; (]) 1000 mM NaCl; (9) 0 mM CaCl 2 , 150 mM NaCl subphase; (b) 2 mM CaCl 2 , 150 mM NaCl subphase; (2) 3.5 mM CaCl 2 , 150 mM NaCl subphase; (1) 5 mM CaCl 2 , 150 mM NaCl subphase; ([) 10 mM CaCl 2 , 150 mM NaCl subphase. For each NaCl concentration, the theoretical CaCl 2 concentration according to the Schulze-Hardy scaling is given. Figure 3 . Fourth cycle compression isotherms of 800 μg of lipid dispersion on a buffered subphase (0.2 mM NaHCO 3 and pH = 7) containing 2 mg/mL albumin, 10 mg/mL 10 kDa PEG and varying NaCl concentrations. Filled symbols denote subphases containing albumin and NaCl while open symbols denote subphases containing albumin, NaCl and PEG. (9) 0 mM NaCl-albumin subphase; (0) 0 mM NaCl-albumin-PEG subphase; (b) 150 mM NaClalbumin-subphase; (O) 150 mM NaCl-albumin-PEG subphase. Adding PEG restores the characteristic shoulder and collapse plateau of the Survanta with 150 mM NaCl in the subphase, but the same amount of PEG added to a 0 mM NaCl subphase does not alter the albumin-like isotherm. The range of the depletion attraction induced by PEG is twice the radius of gyration of the polymer, about 9 nm for 10 kDa PEG, which is less than the Debye length of 13 nm for the 0 mM NaCl subphase. For 150 mM NaCl, the Debye length is 1 nm, so the PEG induced depletion attraction has sufficient range to lower the repulsive potential.
